Polydextrose is a randomly linked complex glucose oligomer that is widely used as a sugar replacer, bulking agent, dietary fiber and prebiotic. Polydextrose is poorly utilized by the host and, during gastrointestinal transit, it is slowly degraded by intestinal microbes, although it is not known which parts of the complex molecule are preferred by the microbes. The microbial degradation of polydextrose was assessed by using a simulated model of colonic fermentation. The degradation products and their glycosidic linkages were measured by combined gas chromatography and mass spectrometry, and compared to those of intact polydextrose. Fermentation resulted in an increase in the relative abundance of nonbranched molecules with a concomitant decrease in single-branched glucose molecules and a reduced total number of branching points. A detailed analysis showed a preponderance of 1,6 pyranose linkages. The results of this study demonstrate how intestinal microbes selectively degrade polydextrose, and provide an insight into the preferences of gut microbiota in the presence of different glycosidic linkages.
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Key words: prebiotic; polydextrose; intestinal microbiota; glycosidic linkage A prebiotic is defined as a non-digestible food ingredient that beneficially affects the host by selectively stimulating the growth and/or activity of one or a limited number of bacteria in the colon, and thus improves host health. 1) Compounds which have been described to possess some prebiotic characteristics range from a specific polyol such as lactitol to such oligosaccharides as fructooligosaccharides and galactooligosaccharides, and to larger molecules such as inulin and polydextrose (PDX).
2) Polydextrose is a highly branched, randomly linked complex glucose oligomer. The degree of polymerization (DP) of PDX is highly variable, and DPs of up to 100 are possible. However, over 90% of the molecules have a DP between 3 and 30, with DPs below 20 being the most common. The average DP of PDX is 12 and the average molecular mass is ca. 2000 Da. All different combinations of -and -linked 1!2, 1!3, 1!4 and 1!6 glycosidic linkages are present in PDX, but 1!6 linkages predominate. PDX is widely used in the food industry as a sugar replacer, bulking agent, dietary fiber and prebiotic. 3) Polydextrose is poorly utilized by the host, as demonstrated by its average energy contribution of 1 kcal/g. 4) The lack of absorption of PDX during gastrointestinal transit ensures that PDX remains available for fermentation by intestinal microbes and may therefore function as a prebiotic. PDX, as a complex molecule, is degraded slowly by intestinal microbes during gastrointestinal transit, and a proportion of PDX is excreted in faeces. 5, 6) Compared to other carbohydrates, the slow and incomplete microbial hydrolysis of PDX ensures minimal production of gas, one side-effect of some prebiotics consumed in high doses. 7, 8) The energy contribution of PDX originates from its microbial degradation and subsequent utilization of such degradation products as volatile fatty acids which are consumed as an energy source by intestinal epithelial cells (butyrate) or principally metabolized by muscle cells (acetate) or hepatocytes (propionate). The prebiotic potential of PDX has been previously demonstrated in colon simulator models [9] [10] [11] and in animal models. 12) PDX has been shown to function as a prebiotic in humans by beneficially modulating the intestinal microbiota composition and activity and by improving the bowel function. [13] [14] [15] It has been shown that the microbial degradation of PDX was sustainable and continued until the end of the gastrointestinal tract. 6) However, PDX is a complex molecule which contains all kinds of glycosidic linkages, and it is currently unknown which of these linkages are hydrolyzed by intestinal bacteria during gastrointestinal transit and which remain intact. This study will identify the specific structures and linkages of the complex PDX molecule which are preferably cleaved by the gut microbiota during gastrointestinal passage, and assess to what extent the degradation of PDX progresses during simulated colonic fermentation. The study was carried out by comparing the chemical structure of intact PDX to that of PDX subjected to in vitro degradation by gut microbiota.
Materials and Methods
Continuous culture system-Colon model. A continuous culture system was set up and run as described and validated previously. 16) This system consisted of three vessels (V1, V2 and V3) with respective operating volumes of 0.28, 0.30 and 0.30 liter. The temperature was automatically held at 37
C by means of a circulating water bath and jackets surrounding the fermenters. The pH value of the culture was automatically maintained by means of an Electrolab pH controller. The respective pH values in vessels V1, V2 and V3 were 5.5, 6.2, and 6.8, to mimic the pH values in different parts of the human colon. Each fermenter was magnetically stirred and continuously sparged with O 2 -free N 2 at a rate of 15 ml min À1 . Each vessel was inoculated with 100 ml of a 20% (v/v) faecal slurry and anaerobic phosphate buffer (pH 7.0). The faecal material was collected from one healthy human volunteer who was used throughout this series of experiments. The volunteer had no previous history of gastrointestinal disorders and had avoided antibiotics for at least 3 months prior to commencing the study. The system was initially run as a batch culture for 24 h. After an initial 24-h batch culture fermentation, the feed medium 11) was pumped to V1 with a peristaltic pump. V1 sequentially supplied V2 and V3.
16) The carbohydrate components and their respective sugar or sugar acid constituents of the colon simulator feed medium are presented in Table 1 .
The retention time (R) was calculated as the reciprocal of the dilution rate for each vessel. The overall system retention time constituted the sum of the individual R values from each fermenter. The retention time was set at 48 h, and the system was run for about 14 d after the initial 24-h equilibration period such that steady state conditions were reached each time. When the first steady state had been obtained, 2% or 3% PDX was added daily to the system until a second steady state was obtained (about 14 d). Samples were obtained from each of the three vessels at the beginning of the PDX fermentation (after 24 h of the equilibration period) and at the end of the fermentation (steady state), in order to determine the fate of PDX in different parts of the colon model and the presence of different glycosidic linkages in the vessels.
Determination of glycosidic linkages from the vessels. Sample preparation for structural determination. Each sample was purified from the solid formed by centrifugation (350 g; 15 min) after the colon simulation. The supernatant was passed through a 100-kDa cartridge filter (Millipore, Billerica, MA, USA) by centrifugation (3;500 g; 45 to 60 min). The resulting clear liquid was decolorized by exposure with agitation to activated carbon (Calgon CPG-LF 12 Â 40; 3% w/v; Calgon Carbon Corp., Pittsburgh, PA, USA) for 18 to 24 h at room temperature. The carbon was removed by passing through a 35-kDa Millipore filter by centrifugation (3;500 g; 30 min). The supernatant was passed over a mixed resin bed composed of 40 ml of a weak base anion resin (IRA68; Rohm and Haas, Philadelphia, PA, USA) and 10 ml of a strong acid cation resin (Amberlite 200; Rohm and Haas) at a flow rate of 0.8 ml min À1 . The column was rinsed with two 25-ml portions of purified water, and the total column effluent was reduced to about 25 ml by evaporating under vacuum at 45 C. Aliquots of the resulting aqueous solution were frozen and lyophilized, and from 0.1 g to 0.5 g of a dry substance was provided for the linkage analysis.
Linkage analysis by partially methylated alditol acetate (PMAA). The PMAA analysis was in four steps: i) methylation of all free hydroxyl groups on the polymer; ii) hydrolysis of the polymer to its constituent partially methylated monomers; iii) reduction of the glycosyl bonds to form the corresponding deuterated alditols; and iv) peracetylation of the newly freed hydroxyl groups liberated in the hydrolysis and reduction to form PMAAs. A base liquid was freshly prepared each time by vortexing 0.5 ml of 50% NaOH, 1 ml MeOH and 2 ml DMSO, centrifuging and then removing the white solid on top. This procedure was repeated with more DMSO at least four more times to clean up. DMSO (6 ml) was then added, the solution was vortexed, and the base was ready for use. An aliquot of the sample was dissolved in DMSO, 1 ml of the base was added, and the solution stirred for 10 min. CH 3 I (100 ml) was next added and stirring continued for 10 min. Additional 100 ml CH 3 I was added and stirring was continued for 40 min. This step was repeated once more. The reaction was quenched by adding water and, following the sample workup, the permethylated material was hydrolyzed with 2 M trifluoroacetic acid for 2 h in a sealed tube at 121 C, reduced with NaBD 4 , and acetylated with acetic anhydride/trifluoroacetic acid. The resulting PMAA was analyzed by a Hewlett Packard 5890 GC instrument interfaced with a 5970 mass selective detector (MSD, electron impact ionization mode), with separation in a 30-m Supelco 2330 bonded phase fused silica capillary column. The alditol acetate mixture was analyzed by GC-MS as previously described. 17) Individual components were identified by a combination of the GC retention time and mass spectrum of each peak. Each differently substituted monomer gave a characteristic fragmentation pattern upon ionization in the mass spectrometer. The retention times and mass spectra of all the alditol acetates derived from glucopyranose are available from the Complex Carbohydrate Research Center Spectral Database: http://www.ccrc.uga.edu/specdb/ms/pmaa/ pframe.html. The retention times and mass spectra of the alditol acetates derived from glucofuranose were experimentally determined.
Data analysis. Small quantities of bound and free sorbitol were present in the PDX sample. The relatively minor peaks of sorbitol were removed from the analysis for the sake of clarity in the current study, and the data normalized to 100% on a glucose linkage basis.
Results
The relative proportions of the different glycosidic linkages of degraded PDX were determined and compared to intact PDX after a continuous, controlled simulation of the colonic fermentation of 2% or 3% PDX. The results show that the relative abundance of non-branched molecules in fermented PDX was consistently higher than that of intact PDX (Fig. 1 ). An increase in the relative abundance of non-branched molecules from vessel 1 to vessel 3 was apparent for both 2% PDX and 3% PDX. Moreover, the relative abundance of single-branched molecules was consistently lower in PDX subjected to simulated colon fermentation in comparison to that in intact PDX (Fig. 1) . The relative abundance of double-branched and triple-branched molecules was too low to allow conclusions to be drawn. No clear change was apparent in the relative amount of terminal moieties during the simulation (Fig. 1) .
The relative abundance of the different linkage types of the 2% and 3% PDX fermentation is shown in Fig. 2 , the results being presented as the sum of the pyranose and furanose forms. The abundance of 6-linked molecules was higher in vessel 1 than in intact PDX, but was lower in vessels 2 and 3 than in vessel 1 for both 2% and 3% PDX. No clear trend was apparent for 2-linked, 3-linked or 4-linked molecules during fermentation, although there tended to be lower quantities of these molecules in vessel 1 than in intact PDX (Fig. 2) . Moreover, the relative abundance of total branching points was consistently lower in the 2% and 3% PDX fermentation than that in intact PDX (Fig. 3) . The relative abundance of total terminal units appeared to increase during fermentation, although this effect was not as clear as the change in total branching points (Fig. 3) .
The relative quantities of all detected glycosidic linkages, which were identified by the pyranose and furanose forms and the different combinations of glycosidic linkages, are presented in Table 2 . The abundance of most linkages was too low to draw conclusions on the effect of microbial fermentation on these linkages. However, some interesting observations can be made: microbial fermentation appeared to increase the relative abundance of terminal glucose residues with the pyranose form, but not those with the furanose form; moreover, single-branched 6-linked moieties with a pyranose form were decreased by microbial fermentation, while the opposite was true for 6-linked moieties with the furanose form.
An analysis of the absolute area percentage for acetylated fragments (Table 3) revealed that, with the exception of fucose and ribose, the acetylated fragments from non-glucose linkages were consistent with the sugars present in the colon feed medium (Table 1) . Fucose and ribose may either have been artifacts from the components of the feed medium (fucose is present in mucus which was also included in the medium), or they may have been formed by microbes during the simulated colon fermentation.
Discussion
Although several studies have assessed the prebiotic potential of PDX, 10, 12, 13) very little is known about the degradation of the specific glycosidic linkages during gastrointestinal passage. PDX is a highly branched, randomly linked complex glucose oligomer, in which all different combinations of -and -linked 1!2, 1!3, 1!4 and 1!6 glycosidic linkages are present.
18) The complexity of PDX makes an analysis of its degradation in the intestines a challenging task. At the same time, the presence of numerous different glycosidic linkages makes PDX an ideal substrate for studying the overall capacity of the complex gut microbiota to degrade various different glycosidic linkages-a subject for which very limited scientific documentation is currently available. An analysis of PDX degradation under simulated colonic conditions is therefore interesting because such an analysis would yield new information on the prebiotic function of PDX, and because valuable information on the capacity of gut microbes to cleave various glycosidic linkages could be obtained. The current data, suggest that branched, especially single-branched, PDX molecules were preferred by the gut microbiota, whereas non-branched PDX residues were enriched during colonic fermentation and, for the most part, appeared to remain intact. This is also evident from the observation that the relative quantity of total branching points decreased sharply during fermentation. A more detailed analysis reveals that the 6-linked glucose moieties having a pyranose form (a 6-membered ring form) were in particular subjected to microbial degradation in the colon. Interestingly, the 6-linked moieties having a furanose form were not degraded to the same extent, and their relative abundance may even have increased during fermentation. In contrast, the terminal glucose residues with a pyranose form (a 6-membered ring form) were not favoured by the microbes, and unlike the terminal residues with the furanose form, these were enriched during simulated colon fermentation. The relative distribution of glycosidic linkages did not generally change dramatically during fermentation. Instead, gut microbes appeared to degrade PDX slowly but sustainably throughout colon transit, mainly by breaking branched moieties, with an apparent preference for 1,6 pyranose, thereby enriching the relative proportion of non-branched molecules.
The current results are in line with earlier observations suggesting that PDX was fermented slowly and gradually by intestinal bacteria. Sustainable fermentation of PDX has been demonstrated in a colon simulator model 10) and in a pig model, 12) and a proportion of ingested PDX can also be recovered in stools from humans. 6) The slow but constant rate of microbial fermentation and the high molecular weight of PDX suggest that PDX is available to microbes throughout the colon, and prevents too rapid fermentation in the intestines which could lead to adverse effects such as bloating and flatulence. Indeed, PDX fermentation by gut bacteria has been demonstrated to result in minimal gas production when compared to other prebiotics.
7)
The lack of excessive colonic fermentation contributes to the safety and tolerability of PDX; the average laxative dose of PDX is as high as 90 g per day or 50 g as a single dose. 19) The carbohydrate-degrading ability of selected strains or species typical of gut bacteria has been well documented. 20, 21) Detailed information on the overall carbohydrate utilization capacity of gut microbiota is scarcer, but recent studies have demonstrated the importance of the carbohydrate utilization of gut microbiota for host-microbial interaction and different aspects of host health, in particular energy metabolism. 22, 23) We have demonstrated here that, in the presence of a number of different glycosidic linkages and molecules with various degree of branching, the preferred substrates of gut bacteria are constituted by branched molecules, in particular single-branched molecules, and that the different glycosidic linkages such as 1,6 pyranose are preferred by the microbes. Several factors are likely to have contributed to the preferred fermentation of singlebranched molecules and 1,6 pyranose by the gut microbiota in the present study. First, the preference of certain carbohydrate linkages over others may reflect the relative presence and activity of the specific microbial enzymes required for the hydrolysis of these linkages. Second, the preference for certain residues over others may reflect the availability of the different residues to the gut microbiota; the hydrolysis of certain linkages may be slow due to steric hindrance. Third, the relative abundance of the different glucose moieties and other sugars in the fermentation medium is likely to influence the rate of degradation of the glycosidic linkages. The overall outcome of these factors is that non-branched molecules are enriched during colonic passage. The change in relative abundance of non-branched and branched molecules during colonic transit may also have an effect on the microbes degrading PDX, by favoring those with a preference for the branched molecules in the proximal part of the colon, but favoring microbes with a preference for non-branched molecules in the distal part. However, it should be noted that a considerable amount of branched molecules remains available at the distal end of the colon, suggesting that PDX fermentation and cleavage of branched molecules is sustained throughout the colonic transit.
In conclusion, the results of the present study demonstrate that, of the different glucose molecules and glycosidic linkages present in PDX, the gut microbiota preferably fermented branched molecules and showed a preference for 1,6 pyranose over the other glycosidic linkages. Single-branched molecules were the most favored, probably partly because of their relative abundance in PDX. The form of the glucose moieties (pyranose vs. furanose) also appears to have been an important factor contributing to the rate of microbial degradation. Our data also confirm the earlier observation that PDX was fermented slowly but sustainably by gut microbes during simulated colonic transit, suggesting that PDX remained available in the distal part of the colon. This is significant due to the prevalence of disorders of the distal colon and the potential of PDX to have a positive impact. 
